A. The authors designed a WNV model and methodology for using mosquito infection rates and reported human cases along with data assimilation methods to forecast WNV in real time during a season. Although the resulting forecasts were not always accurate, the model did quite well at predicting the timing of the mosquito infection peak a few weeks before the peak occurred. Once the mosquito infection peak occurred, the model also started predicting the total number of WNV human cases quite accurately. Since most human WNV cases are reported several weeks after the mosquito infection peak, the model is useful even though not particularly accurate before the peak occurs. Most importantly, this paper is a start towards true forecasting of WNV in the future in real time.
E. The general methods used are robust and if used consistently should be reliable. The baseline ODE model used may not be the best choice, particularly with use of the contact rate, beta (see F).
F. For compartmental models, the force of infection term for mosquitoes is the product of the number of bites on birds per mosquito per unit time x probability that it bites an infected bird x probability transmission occurs. Similarly the force of infection for birds is the product of number of bites by a mosquito per bird per unit time x probability a bite is from an infected mosquito x probability transmission occurs.
The authors assume (by using beta in both bird and mosquito force of infection) that the number of bites per mosquito per unit time x probability of transmission of the bird is the same as the number of bites per bird per unit time x probability of infection of the mosquito. This is almost certainly not true. Each mosquito only bites once every few days, while birds receive multiple bites per day.
However, this is relatively easy to fix: -keep the mosquito force of infection the same as β(t) * I_B/N_B . This assumes that every mosquito gets a fixed number of bites per unit time -change the bird force of infection to β(t)N_M/N_B * I_M/N_M . This assumes that the number of bites per bird per day are the total number of mosquito bites per day divided by the number of birds. See M. J. Wonham, M. A. Lewis, J. Renc lawowicz and P. Van den Driessche, Transmission assumptions generate contradicting predictions in host -vector disease models: A case study in West Nile Virus, Ecology Letters, 9 (2006) , 706{725 for details about this.
G. It would be very helpful for the authors to provide the distributions used for each parameter along with references for the choice of those distributions/ranges. A general better description of how the IC's and parameter distributions were chosen by the authors would be helpful for generalization/reproducibility. E. My primary concern with this work is on the author's claim of generalizability. The modeling of WNV transmission is made exceptionally complex due to the presence of multiple hosts and vectors. Each of these has their own susceptibility (see, e. (Kilpatrick 2006) greatly impact the applicability of any "well-mixed" transmission model. Finally, and perhaps most importantly for the purposes of predicting "when" within a season an outbreak occurs (as opposed to "if"), many of the most susceptible hosts in a region may be migratory birds that either bring the pathogen with them to the region, take the pathogen from the region, or miss the outbreak entirely. The model presented here ignores all of these complexities and is still able to do a reasonably accurate job of prediction in this particular location (side note: while some of the above complexities are mentioned in the manuscript, many are ignored and should be discussed). My primary concern with this work is its generalizability to other locations, in particular those locations where host composition is made a complex function of time due to migratory patterns.
F. While it is the classic "reviewer's experiment", I feel that this work would have significantly greater impact if the same approach was repeated and shown to be applicable in a new location that was somewhat epidemiologically different from the one already modeled. Perhaps a region where transmission was greatly influenced by hosts that migrate?
G. There are some complexities of WNV transmission that have not been mentioned (and thus associated references that are missing).
H. The text was adequately clear and lucid.
A. The authors designed a WNV model and methodology for using mosquito infection rates and reported human cases along with data assimilation methods to forecast WNV in real time during a season. Although the resulting forecasts were not always accurate, the model did quite well at predicting the timing of the mosquito infection peak a few weeks before the peak occurred. Once the mosquito infection peak occurred, the model also started predicting the total number of WNV human cases quite accurately. Since most human WNV cases are reported several weeks after the mosquito infection peak, the model is useful even though not particularly accurate before the peak occurs. Most importantly, this paper is a start towards true forecasting of WNV in the future in real time.
B. The methods and data usage are novel for WNV. Real-time forecasting in WNV (or any disease other than seasonal flu, really) is basically non-existent currently but could be revolutionary in terms of informing the public and policy makers about risk and use of mitigation.
C. The quality of the data and validity of the approach are good apart from a mistake in the ODE model form that is discussed in (F). One minor aspect of the model that should be addressed is the authors do not include an incubating 'E' compartment for mosquitoes, which could be important since that period is on the same order as the mosquito's lifespan (around 10 days). Also, this time adds to serial generation time, which can change the timing of, e.g. the peak. Please talk briefly about why this was not included in the model and how inclusion may change results.
Response:
This is a great point. We tested the forecast system by adding an exposure compartment to the model to see if it would increase forecast accuracy. Using the following model structure:
where S M is the number of susceptible mosquitoes, μ M is the mosquito birth and death rate, N M is the mosquito population, t is time in days, β(t) is the contact rate, or probability of transmission between birds and mosquitoes, α is the rate of WNV seeding prior to day 200, E M is the number of mosquitoes exposed to WNV but not yet infectious, is the extrinsic incubation period, I M is the number of infected mosquitoes, N B is the bird population, I B is the number of infected birds, S B is the number of susceptible birds in the population, δ B is the recovery rate of birds, I H is the number of infected humans, and η is a scaling factor representing the probability of spillover transmission to humans from mosquitoes. This form is similar to the model used in the paper but has one additional parameter ( ) and one additional variable (E M ).
The new model form was able to freely simulate observed infectious mosquitoes and human cases, Fig. C1 . When combined with the EAKF, the system was also able to constrain infectious humans quite well but did not constrain infectious mosquitoes as well as the system using the model without the additional compartment ( Fig C1) . This error is most likely due to a more limited optimization of β(t), which is generally higher than the truth, Shown are the fraction of forecasts accurate as a function of lead week for the metrics human WNV cases (blue), peak timing (week of peak mosquito infection rates, orange), peak infection rate (yellow), and total infectious mosquitoes (purple). A forecast was deemed accurate if: 1) peak timing was within ±1 week of the observed peak of infectious mosquitoes; 2) peak infection rate was within ±25% of the observed peak infection rate; 3) total infectious mosquitoes were within ±25% of the observed; and 4) human WNV cases were within ±25% or ±1 case of the total number of reported cases, whichever was larger. Note that for all metrics lead week is shown with respect to the week of peak mosquito infection. The high number of infected mosquitoes in the later half of the outbreak appears to decease forecast accuracy of the total human cases and total infectious mosquitoes.
One of the critical decisions we had to make when building the model for WNV forecast was to decide which processes to include and which to exclude. Inclusion of too many processes results in a high-dimensional model structure, which, given the limited observational data streams available, may be difficult to optimize. On the other hand, a model that is too simple will not contain sufficient dynamics to generate a characteristic WNV outbreak in free simulation.
The model we chose for the present work lies in the middle-neither too complex nor too simple. It is capable of producing a realistic outbreak of WNV in free simulation, yet is sufficiently parsimonious to permit state variable and parameter estimation with the EAKF and accurate forecast of future outcomes. Exclusion of an incubating 'E' compartment was a choice we made in favor of model parsimony. While inclusion of such a compartment would be more realistic, as the above plots demonstrate, the additional complexity appears to undermine optimization and forecast accuracy given available data streams. In the future, particularly should richer observations come available, it may be worthwhile to incorporate such processes explicitly in the model framework.
We have added discussion of the above issues to the revised the manuscript.
Presentation of results is pretty good. It would be nice to have a figure that explicitly shows how far ahead of time the model is predicting total human cases accurately (e.g. in Discussion the authors claim that "accurate forecasts of total human WNV cases were generated up to 10 weeks prior to the end of an outbreak", but I can't tell how helpful this will be. What percent of human cases have been reported already by the time the model accurately predicts the total number of cases?).
We have added a figure ( Figure S8 , shown below) to the supplementary materials, which shows the number of weeks forecasts were accurate prior to the end of the outbreak. Accurate forecasts of total human WNV cases were generated on average 5.4 weeks prior to the end of an outbreak. We ran each ensemble seasonal forecast 10 times, each time with different randomly chosen initial conditions and seeding. This is now described in the revised manuscript. The results presented in the manuscript (both the original and revised) show the average accuracy across all 10 of these forecasts (i.e. 10 iterations and 14 seasons of weekly forecasts). The results among the iterations are very similar, showing nominal sensitivity to initial conditions and seeding.
Use of 100 replicates for synthetic tests is consistent with our previous efforts. We have found good agreement among the replicates in these tests. In our previous work with compartmental models, we have explored the effect of ensemble size on model optimization (see Yang et al., 2014, PLOS Comp Biol) . We found an ensemble of 300 is adequate for the EAKF.
Figs D1 to D3 are box and whisker plots showing the variability among 100 different posterior ensemble mean estimates for one synthetic truth. Each ensemble member was initialized with a constant total population and randomly selected parameters (from the uniform distributions given in the text). The limited variability between posterior ensemble means shows model convergence and nominal sensitivity to initial conditions and seeding. E. The general methods used are robust and if used consistently should be reliable. The baseline ODE model used may not be the best choice, particularly with use of the contact rate, beta (see F).
We changed the baseline ODE model per the comments in F.
However, this is relatively easy to fix: -keep the mosquito force of infection the same as β(t) * I_B/N_B . This assumes that every mosquito gets a fixed number of bites per unit time -change the bird force of infection to β(t)N_M/N_B * I_M/N_M . This assumes that the number of bites per bird per day are the total number of mosquito bites per day divided by the number of birds. Response: This is a fantastic point. We have changed the model structure to the following equations:
Using this form, we re-ran the initial tests to validate that beta behaved as found previously, and it did (see figure S2 of the revised manuscript). We also re-ran the synthetic tests to determine whether EAKF optimization was similarly functional, and it was (see Figures S3A-S3D) . Forecasts with this model, which is now presented in the revised manuscript, are quite comparable to that from the original manuscript. The new forecast is slightly better at predicting human cases. In the revised manuscript at 0, 1 and 2 weeks past peak predicted mosquito infection rates, the forecasts of total human WNV cases were accurate 100%, 65% and 72% of the time, respectively, while in the previous manuscript predicted 64%, 60% and 69%, respectively.
G. It would be very helpful for the authors to provide the distributions used for each parameter along with references for the choice of those distributions/ranges. A general better description of how the IC's and parameter distributions were chosen by the authors would be helpful for generalization/reproducibility.
Response: We have made some changes to the manuscript to provide more information on how the initial conditions and parameters were determined. Some were selected from the literature and others were derived from the observational data and the EAKF. In particular, we have specified the following:
The initial conditions for each ensemble run were selected randomly from uniform distributions. Mosquito expected lifespan (Wonham et al. 2004 and Hartley et al. 2012 ) and bird duration of infection (Komar et al. 2003) were selected from the literature, while β(t) and η were derived during synthetic testing of the system.
H. The text is clear and well-written and the conclusions are appropriate for the output. Abstract is clear and appropriate.
Response: We appreciate the positive feedback.
Reviewer #2 (Remarks to the Author):
A. Using a relatively simple SIR modeling framework, the authors combine two different data streams to produce retrospective ensemble forecasts of the WNV outbreak in Long Island, NY between 2001 and 2014.
B. The work is of great interest as it demonstrates the feasibility of a real-time forecasting system for WNV. Their model is able to produce predictions with enough lead time to be "useful" for public health professionals.
C. The model and results were well presented. In particular Figure 3 did a very good job of explaining the forecasts and their increasing accuracy.
D. The treatment of uncertainties was appropriate.
E. My primary concern with this work is on the author's claim of generalizability. The modeling of WNV transmission is made exceptionally complex due to the presence of multiple hosts and vectors. Each of these has their own susceptibility greatly impact the applicability of any "well-mixed" transmission model. Finally, and perhaps most importantly for the purposes of predicting "when" within a season an outbreak occurs (as opposed to "if"), many of the most susceptible hosts in a region may be migratory birds that either bring the pathogen with them to the region, take the pathogen from the region, or miss the outbreak entirely. The model presented here ignores all of these complexities and is still able to do a reasonably accurate job of prediction in this particular location (side note: while some of the above complexities are mentioned in the manuscript, many are ignored and should be discussed). My primary concern with this work is its generalizability to other locations, in particular those locations where host composition is made a complex function of time due to migratory patterns.
Response: As mentioned above in response to Reviewer 1, one of the critical decisions we had to make when building the model for WNV forecast was to decide which processes to include and which to exclude. Inclusion of too many processes results in a high-dimensional model structure, which, given the limited observational data streams available, may be difficult to optimize. On the other hand, a model that is too simple will not contain sufficient dynamics to generate a characteristic WNV outbreak in free simulation and thus will not produce accurate forecasts.
The model we chose for the present work lies in the middle-neither too complex nor too simple. It is capable of producing a realistic outbreak of WNV in free simulation, yet is sufficiently parsimonious to permit state variable and parameter estimation with the EAKF and accurate forecast of future outcomes. In the future, if richer, more detailed observations are available, we may be able to utilize a more complex model that includes some of the processes the reviewer mentions. We now discuss these issues in the revised manuscript.
We constructed the model to be simple and generalizable. To test this generalizability, we have now applied the model-inference forecast system to one additional location, Cook County, Illinois. Forecast accuracy was similar to that found for Suffolk County. In particular, we found that forecasts of infectious mosquito peak timing were accurate >55% of the time with a six-week prediction lead. Forecasts of the peak infectious mosquito number were not as accurate as for Suffolk County with long lead times but were >40% accurate when the predicted lead-time was at the peak and >69% past the peak. For the total number of infected mosquitoes 45% of forecasts were accurate one week prior to the predicted peak, 50% were accurate at the predicted peak and 87% were accurate one week past the peak. At 0, 1 and 2 weeks past peak predicted mosquito infection rates, the forecasts of total human WNV cases were accurate 40%, 74% and 69% of the time, respectively. On average, only 18% of human cases are reported at the peak, 34% of human cases are reported one week past the peak and 46% are reported 2 weeks past the peak. Human cases were accurately forecast 5 to 11 weeks prior to the end of the outbreak (Fig. S11) . These results are now presented in Supplementary Information. Note that it is the EAKF optimization, which in part compensates for model mis-specification that allows this relatively simple construct to produce accurate forecasts in locations where WNV, host and vector dynamics differ.
Response:
As noted above, we constructed the model to be simple and generalizable. We tested the generalizability by applying the model-inference forecast system to Cook County, Illinois. The results from Cook County show promise that the model can adapt to other regions of the county. This is because EAKF optimization in part compensates for model mis-specification and allows this relatively simple construct to produce accurate forecasts in locations where WNV, host and vector dynamics differ. Thus, the model-EAKF systems does present a structure from which one can build as more robust data sets become available. We now discuss these issues in the revised manuscript.
We expanded the discussion section to include the complexities of WNV transmission. We now discuss some of the processes not included in the core dynamic model, including within county spatial heterogeneity, migratory patterns of birds, varying susceptibility among multiple hosts and vectors, the impact of varying strains of WNV, vertical transmission, mosquitoes that over winter, and the extrinsic incubation period.
